ondary to trauma, and developmental dysplasia of the trochlea and the patella may increase the risk of patellar dislocation. For patients with patellar instability who have normal bony anatomy, soft tissue restraints should be investigated for laxity resulting from a connective tissue disorder, particularly if the instability event is atraumatic.
trauma
Traumatic dislocation is a major cause of patellar instability. Traumatic injuries causing instability account for approximately 3% of all knee injuries and 51% of all patellar dislocations. 6 Many of these injuries occur during sports or other physical activities, causing a partial or complete tear of the medial soft tissues stabilizing the patella. The most common mechanism of injury (accounting for 93% of all cases of traumatic patellar dislocations) results from a position of knee flexion and valgus as seen in many cutting and pivoting sports, such as soccer, basketball, and football. 7 Many injuries occur as a result of a noncontact injury. 6 The risk of recurrent instability after a traumatic patellar dislocation can be as high as 25% to 45%. 8 Age at the time of first dislocation can also be predictive of recurrence risk. Conservative management of patients younger than 18 years results in recurrent instability in 40% of patients, and those younger than 14 years have a 60% risk of recurrence. 5, 9, 10 These statistics may help guide optimal management and patient counseling regarding risk of recurrent instability. Other authors have identified the presence of trochlear dysplasia and open growth plates at the time of first dislocation as risk factors for recurrence.
11

PatEllofEmoral DysPlasia
Trochlear dysplasia and patellar abnormalities increase the risk of patellar dislocation. Up to 96% of patients who have had a patellar instability event have radiographic evidence of a dysplastic trochlea. 12 The lateral view on plain radiographs can be used to assess the degree of trochlear dysplasia. Dejour et al 12 described 4 types of dysplasia (Figure 1) . The merchant view on radiographs can be used to assess patellar tilt, shape, and subluxation, with the normal sulcus angle ranging from 132° to 144°. 13 Despite this, trochlear dysplasia may be missed on plain radiographs, depending on the amount of knee flexion during imaging, with dysplasia being more common proximally.
14 Magnetic resonance imaging (MRI) (or computed tomography scan if there exists a contraindication to MRI) has been shown to be more accurate in evaluating patellar tilt and sulcus angle, with one MRI study showing a sensitivity and specificity of 93% and 87%, respectively, for patellar instability. 15 Patella alta is often associated with dysplasia of the cartilaginous trochlea and can be assessed on lateral radiograph. Patients with dysplasia of the trochlea can present with a spectrum of severity, including congenital dislocation (reducible), permanent dislocation (irreducible), habitual dislocation (in which the patella moves in and out of its normal position in the TG whenever the knee is flexed or extended), and episodic dislocation. 12, 16, 17 Patellar instability from congenital causes often presents after patients have learned how to walk.
18,19
ConnECtivE tissuE DisorDErs
Various connective tissue disorders can cause or contribute to traumatic instability and should be evaluated. Marfan syndrome is a connective tissue disorder caused by a mutation in the fibrillin-1 gene. It is transmitted as an autosomal dominant disorder, has a prevalence of 1 per 5000 individuals in the United States, and is slightly more prevalent in females than males. 20 The biomechanical factors associated with patellar instability in patients with Marfan syndrome appear to be general ligamentous laxity, damage to the medial patellofemoral ligament (MPFL) and patella, and trochlear dysplasia. 20 On physical examination, Marfan syndrome can be quickly evaluated via the Ghent nosology, which defines major and minor criteria for the disease. 21 Ehlers-Danlos syndrome is a hereditary disease characterized by a defect in collagen organization leading to hyperflexible and unstable joints. The prevalence is estimated to be 1 per 5000 individuals in the United States. 22 Patients with Ehlers-Danlos syndrome present with characteristic findings of hypermobile skin and an increased tendency to bleed and bruise easily. 23 Nail-patella syndrome is a rare, autosomal dominant disorder associated with an aberration in the transcription factor LMX1B on chromosome 9. 24 The prevalence is estimated to be 1 per 50,000 individuals in the United States. 25 In one study, 50.6% of patients presented with a tetralogy of nail, patella, elbow, and pelvic anomalies. 26 The biomechanical mechanism responsible for patellar dislocation appears to be twofold. First, there is a decrease in the size of the patella. Second, there is a marked decrease in muscle mass of the quadriceps muscle, which contributes to a lack of stability and uneven force distribution along the mechanical axis of the extensor mechanism acting across the patella.
27
History anD PHysiCal Examination
A detailed history should be gathered to elucidate preceding trauma, age at first instability event, number of instability events, family history of instability, and other relevant symptoms such as knee swelling or effusion. On examination, obvious deformities or soft tissue swelling, along with the size of the patella and its location relative to the femur on both the uninjured and the injured extremity, should be noted. The observation of Marfanoid features, hypermobility of joints (quantified by the Beighton score [Table] ), 28 or abnormalities of facial features, elbows, and nails should raise concerns for syndromic conditions that warrant further evaluation by a geneticist. 18 Tracking the patella during normal flexion and extension can reveal deviations from the normal straight-line trajectory. The J-sign refers to a path the patella takes as it engages the femur in early flexion. The patella is subluxated laterally in extension and reduces as the knee is flexed. This may be a sign of habitual dislocation (ie, spontaneously dislocates with flexion and reduces with extension). 29, 30 The Q angle is the angle formed by a line drawn from the anterior superior iliac spine to the central aspect of the patella and a second line drawn from the central aspect of the patella to the TT. Normal values are 14° for males and 17° for females. 31 Increases in this angle are associated with an increased risk of patellar instability. Standing examination can clinically reveal genu valgum with an increased Q angle and should lower the threshold to obtain fulllength standing radiographs to assess overall mechanical alignment.
The knee should be assessed for effusion and tenderness. Tenderness along the patella may indicate a fracture. 31 Tibial torsion can be examined in the prone position by measuring the thighfoot angle (reference range, 5°-30°). 32 Assessment for "miserable malalignment" (excessive femoral anteversion, inward facing patella, and excessive external tibial torsion) should also be performed. 33 This leads to a characteristic gait pattern where the hip internally rotates more than it externally rotates (femoral anteversion) and the lower leg externally rotates more than it internally rotates (external tibial torsion). 33 The integrity of the MPFL can be assessed via palpation along the medial retinaculum. The patellar apprehension test can help identify patients with excessive mobility of the patella. This involves flexing the knee to 20° and applying medial or lateral force to the patella. If the patient experiences apprehension during manipulation, the test result is positive. 30 Tightness of the lateral retinaculum can be assessed using the tilt test. With the knee flexed at 20°, the examiner places pressure on the medial edge of the patella, everting it. With the application of pressure, the patella should evert above the horizontal in healthy individuals but 
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Copyright © SLACK inCorporAted n Review Article remain fixed in patients with an excessively tight lateral retinaculum. To assess for patellofemoral chondromalacia due to previous injuries, the examiner places pressure directly on the patella with the patient's knee fully flexed, evaluating for tenderness. Finally, lateral transverse mobility of the patella is assessed. With the patient's knee flexed at 30°, lateral pressure is applied to the medial aspect of the patella and the degree of lateral translation is measured.
30
DiagnostiC imaging
Several imaging modalities can be used to assess the various causes of patellar instability. Full-length standing radiographs can be used to assess limb alignment and determine if the patient has excess genu valgum, which can contribute to an increased Q angle and TT-TG distance and patellar instability. The Caton-Deschamps index can also be used to assess for patella alta on the lateral radiograph. Although there are various ratios to assess patella alta, this method is the least dependent on the degree of knee flexion. The ratio consists of the distance from the distal patellar articular surface to the proximal tibial articular surface divided by the length of the articular surface of the patella, with a value of greater than 1.3 considered abnormal ( Figure  2) . 34 Excessive femoral anteversion can lead to a relative increase in the Q angle and can be evaluated on computed tomography or MRI; normal femoral anteversion is 13°. 35 Additionally, the TT-TG distance and the amount of patellar tilt can be determined. 36 To spare the radiation associated with computed tomography, MRI is typically preferred and can be used to obtain a rotational profile or "gunsight" image of the lower extremity. 37 The TT-TG distance is the distance from the TT to the deepest point of the TG, with a value greater than 20 mm considered abnormal in adults (15 to 20 mm is considered equivocal by some). It can be measured by superimposing axial cuts at the center of the TG and TT (Figure 3) . 36 Dickens et al 38 studied the TT-TG distance in a pediatric population on MRI, correlating age with distance. They found that a distance of less than 8.5 mm predicted no patellar instability in 95% of patients, and patients with instability had an average distance of 12.1 mm. Patellar tilt is measured on the axial sequence as the angle formed between the axis of the patella and the posterior femoral condyles. Values greater than 20° are considered abnormal. 36 Finally, MRI can help to identify soft tissue and bony abnormalities associated with patellar instability. Goutallier et al 39 described the lateral trochlear inclination angle as a radiographic measurement of trochlear dysplasia. This value is calculated by drawing a line tangent to the subchondral bone of the posterior femoral condyles and measuring the angle of a line drawn tangent to the subchondral bone of the lateral facet of the trochlea. 36 Carrillon et al 15 reported a difference in the lateral trochlear inclination of healthy subjects compared with those with instability and estab- 
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lished a cutoff of 11° for dysplasia, with a sensitivity and specificity of 93% and 87%, respectively. Magnetic resonance imaging can also help identify osteochondral injury secondary to traumatic dislocation and the presence of loose bodies, which may exist following dislocation. 40, 41 Magnetic resonance imaging is also useful for calculating the TT-TG distance. Classically, bony edema may be present within the lateral femoral condyle and the medial aspect of the patella because of impaction at the time of patellar relocation (Figure 4) .
trEatmEnt
Conservative
The first line of treatment for patellar instability is nonoperative in most cases. 18 Nonoperative management consists of a variety of techniques, ranging from brief immobilization (2 to 4 weeks) to immediate motion and swelling control as well as physical therapy. 18 In a single institution study of first-time dislocation of 266 knees in 250 patients, 222 (83.5%) of the knees underwent nonoperative treatment with 145 not suffering a recurrent instability event. 42 A systematic review recommended nonoperative management for all first-time dislocators, with the exception of those with associated chondral or osteochondral fractures of either the medial patellar facet or lateral femoral condyle due to impaction injury. 43 These fractures are best visualized on MRI. Unlike adults, children generally have successful fracture healing even in the setting of delayed fixation. 44 Some investigators argue that in the setting of fracture, surgery is indicated only in the event of a fragment larger than 5 mm 2 or a fracture in the weight-bearing zone of the patellofemoral joint. In one meta-analysis, nonoperative management of patellar dislocation was shown to have a rate of redislocation of 34.6% vs 24% for surgical management; however, functional outcome scores were similar. 45 More recently, Nwachukwu et al 5 found similar rates of recurrence after nonoperative and operative treatment; however, they concluded that patients who undergo acute surgical treatment for first-time dislocation may have improved health-related quality of life and sporting function.
Operative
There are many options for surgical management of patellar instability, ranging from isolated soft tissue procedures to osteotomy and ligamentous reconstruction. To choose the appropriate surgical management, it is important to consider the patient's skeletal maturity and determine the etiology of instability. Operative interventions can range from soft tissue balancing procedures to more invasive bony osteotomies and ligament reconstruction to balance the congruency and function of the patellofemoral joint. Depending on the degree of instability, reconstruction may be approached in an à la carte fashion. 18 To assess patellar tracking, lateral release of the retinaculum can be performed either open or arthroscopically. This procedure is seldom done in isolation but may be the first step in soft tissue balancing if patients are found to have excessive lateral patellar tracking or if the patella does not sit within the trochlea either on preoperative examination or arthroscopically; lateral release may improve the balance of the patella. 18, 46 Lateral retinacular lengthening can also be performed in lieu of retinacular release, potentially resulting in less quadriceps atrophy and better clinical outcomes. 47 In addition to an excessively taut lateral retinaculum, trauma or connective tissue laxity can cause the medial retinaculum to become redundant. Thus, at the time of repair, the medial retinaculum can be oversewn and plicated. Another proximal soft tissue procedure includes quadricepsplasty, which involves releasing the vastus lateralis and often the rectus femoris from their proximal attachments until the patella tracks normally within the femoral trochlea. 48 More conservative soft tissue balancing procedures such as these are reserved for patients with normal bony anatomy and anatomic relationships (TT-TG distance, Q angle, and Caton-Deschamps index).
In addition to proximal soft tissue procedures, there are several distal extensor mechanism realignment procedures. These use osteotomy or patellar tendon transfer at the TT, altering the vector of 
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Copyright © SLACK inCorporAted n Review Article force in which the patellar tendon pulls, effectively changing the Q angle. These procedures are typically used to correct abnormal TT-TG distance, Q angle, Caton-Deschamps index, or patellar tracking due to other abnormalities in bony architecture. Tibial tubercle osteotomy is generally not performed until skeletal maturity in an effort to limit the risk of growth arrest. 18 The Grammont procedure involves subperiosteal dissection of the patellar tendon at its insertion on the TT. The extensor mechanism is then medialized and reattached to the TT with the knee in 45° of flexion. 18 Garin et al 16 studied 35 patients (50 knees) who underwent this procedure with the addition of other aforementioned soft tissue procedures as needed and found that inversion of the normal tibial slope occurred in 20% of patients, potentially due to damage at the anterior aspect of the growth plate or its vascular supply. Kraus et al 49 performed a retrospective review of 65 skeletally immature knees that underwent this procedure but found no growth arrests at an average followup of 8 years. Another procedure that involves transfer of the patellar tendon is the Roux-Goldthwait procedure. This involves detaching the lateral third or half of the patellar tendon and transferring it deep to the remaining medial portion of the tendon, where it is reattached more medially. Marsh et al 50 reported good success with this procedure in 30 knees, with 26 having an excellent result. However, one concern with this procedure is that it may lead to an increased lateral patellar tilt. 51 Distal bony alignment such as TT osteotomy is another way to address patellar instability due to abnormal bony anatomy. The Elmslie-Trillat technique involves elevating the TT with an osteotome, medializing it, and reattaching it with a cannulated screw. 52 There is concern that strict medialization of the tubercle can lead to increased pressure within the patellofemoral joint and accelerated arthritic changes. 52 Slight modification of the slope of the osteotomy may help anteriorize the tubercle in addition to medialization. The modified Elmslie-Trillat technique includes a lateral retinacular release, medial capsular reefing, and medial transposition of the TT hinged on a distal periosteal attachment. It should be performed in only the skeletally mature. 53 The Fulkerson procedure is another distal bony osteotomy that involves anteriorization and medialization of the tubercle. It decreases patellofemoral joint pressure compared with the Elmslie-Trillat procedure. 52 One thing the two procedures have in common is that they maintain a distal periosteal hinge when transferring the tubercle. This results in a lower incidence of major complications such as nonunion compared with procedures that completely detach the tubercle. 54 The Fulkerson osteotomy can be performed with or without a lateral release. 55 A study of 41 knees that underwent osteotomy for patellar instability showed good results, with only 1 patient experiencing recurrent instability. 56 Of note, 49% of the patients had symptomatic hardware, which was removed at an average of 8 months after surgery.
Although soft tissue and bony realignment are historically popular options that are still used, there has been an increase in the use of techniques attempting to address the MPFL in patients with recurrent instability and radiographic evidence of injury. One such procedure is the Galeazzi technique, which involves taking a pedicled semimembranosus tendon through a patellar tunnel to serve as a reconstruction of the MPFL. 57 This procedure can alter the patellar tilt in the coronal plane if the tendon is overtensioned. 18 One study reviewed this procedure in 34 knees, with 82% of knees experiencing recurrent instability and 35% requiring subsequent surgery. 58 The Deie technique also involves transfer of one of the hamstring tendons; however, it uses the semitendinosis. 59 As with the Galeazzi technique, in the Deie technique the semitendinosis is pedicled at its tibial attachment and passed through a pulley at the posterior aspect of the medial collateral ligament. However, this graft is nonanatomic and also risks being over-tensioned. The Chassaing technique uses the gracilis tendon passed through the posterior aspect of the medial retinaculum near its femoral attachment where it is folded back onto itself in a "U" shape. 60 Fithian and Khan 61 described a technique that more accurately approximated the normal anatomy of the MPFL. A double-stranded reconstruction is performed with a semitendinosis graft, which is harvested and anchored superiorly and inferiorly on the patella while the 2 strands of the graft are attached into 1 femoral tunnel. 61 In this technique, the femoral tunnel is close to the physis, which may put it at risk in the skeletally immature patient. The MPFL femoral insertion has been observed to be close to the physis (2.9 to 8.5 mm distal); therefore, attention should be paid to achieve graft placement distal to the physis, especially in patients with growth remaining, to prevent migration of the graft proximally. 62 Quadriceps turndown can also be performed, which involves releasing the rectus femoris proximally and rotating it 90° at its superior patellar attachment before passing it between layers 2 and 3 of the knee and anchoring it at the femoral attachment of the MPFL. It is thought that this technique better approximates the strength of the MPFL as opposed to a gracilis or semitendinosis autograft, which is stronger than the native MPFL. 63 Once again it is important to be aware of the anatomy of the MPFL insertion on the distal femur. Schottle et al 64 performed a cadaveric study and found that there was a reproducible anatomical and radiographic point, which is approximately 1 mm anterior to the extension of the posterior cortex extension line, 2.5 mm distal to the posterior origin of the medial femoral condyle, and slightly proximal to the level of the posterior point of the Blumensaat line on a lateral radiograph (Figure 5) .
Finally, trochlear dysplasia can be addressed via groove-deepening trochleoplasty. The goal of this procedure is to change the trochlear shape via deepening of the trochlea and to eliminate the supratrochlear spur. 65 Deepening is accomplished by removal of the cancellous bone in the middle of the trochlea via high-speed burr, allowing the 2 slopes of the trochlea to collapse. This is typically done following skeletal maturity and is best indicated for Dejour type B and D deformities, which have a more prominent trochlear deformity. 18 There is relatively little experience with this technique in the United States, and long-term outcome data are limited. Skeletally immature patients may be candidates for hemiepiphysiodesis to correct excess genu valgum. Those with rotational deformities (miserable malalignment) may be candidates for hemiepiphysiodesis or femoral and/or tibial derotational osteotomy to correct excess bony torsion. 18 
ConClusion
Patellar instability in the pediatric patient is a challenging problem, which can have varying etiologies. It is important to evaluate these patients for patellofemoral dysplasia and connective tissue disorders. The first line of treatment for most pediatric patients with traumatic patellar instability is conservative in nature, unless a concomitant fracture or osteochondral lesion is present. For these injuries, or in the event of recurrent instability, several operative techniques can be used to address the instability. Proximal soft tissue balancing as well as distal soft tissue or bony procedures can be performed. Anatomic reconstruction of the MPFL is gaining popularity as more is known regarding its role in patellar stability; however, MPFL reconstruction alone in the face of bony abnormality will not treat rotational or other bony deformity, which may be addressed with concomitant osteotomy. Ultimately, there are many procedures available with numerous combinations that are determined based on the etiology of the patient's instability and the preference of the surgeon.
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